In the cardiac myocyte, as in every highly differentiated cell type, subcellular structure is directly related to the specific function of the cell in the organism. As indicated by Page [8] 47 % of the relative volume of a left ventricular myocardial cell is occupied by myofibrils and 36% by mitochondria, the remaining small volume being occupied by sarcoplasmic reticulum, T-system, nucleus etc. Although there is a close correlation between structure and function, when the heart is working within the physiological range, myocardial structure remains quite unaltered. However, when myocardial dysfunction is produced by disease or any other unphysiological condition, myocardial structure will be changed. It is not the aim of this report to provide an overview of all structural abnormalities of the myocardium and their relation to function. What we will do is limit our study to structural myocardial alterations induced by ischaemia and provide evidence that assessment using the electron microscope of ischaemic and postischaemic myocardium can give an insight to the nature of the associated contractile abnormalities. We will also show that examination of myocardial structure is not a useful method for the assessment of postischaemic myocardial dysfunction.
0.25 mg kg" 1 (fluanisone 10 mg ml" 1 and fentanyl 0.2 mg ml" 1 ) i.m. and anaesthetized with sodium pentobarbitone ISmgkg" 1 i.v. After tracheal intubation, the lungs were ventilated with a 50:50 mixture of oxygen and room air using a Bird Mark 7 ventilator. Arterial blood-gases and pH were determined repeatedly throughout the procedure and ventilation was adjusted if necessary to keep these values within the normal range. Additional doses of pentobarbitone were administered as required to maintain anaesthesia. The chest was opened through the left fifth intercostal space and the heart was suspended in a pericardial cradle. Coronary occlusion was produced by a snare around the left anterior descending coronary artery (LAD) and reperfusion was produced by release of the snare. Coronary occlusion lasted for 90 min and was followed by reperfusion for 2.5 h in one group of animals (w = 7) or for 24 h in another group of animals (n = 6) and for 1 week in a third group (n = 10). In the 24-h and 1-week reperfusion groups the procedure was performed under sterile conditions, the chest was closed after reperfusion and the dogs were allowed to recover. After 24 h the animals were re-anaesthetized and left ventricular function studies were repeated. Finally, the hearts were removed after termination of the procedure in all groups and further processed for histology.
Haemodynamic measurements
General haemodynamics were measured throughout the experiment. These measurements included systolic and diastolic arterial pressure via fluid-filled catheters, left ventricular pressure via a catheter tip manometer, cardiac output via serial measurements using the thermodilution technique, and ECG lead II.
Regional myocardial blood flow was measured using the microsphere technique as described previously [3] . Tracer microsphere injections were made before LAD occlusion, at the end of 90 min LAD occlusion and after 2.5 h of reperfusion. Global and regional contractility of the left ventricular wall was measured by analysis of enddiastolic and end-systolic contours of a contrast angiogram. These angiograms were performed under control conditions, after 90 min of LAD occlusion and at 2.5 h or 24 h after reperfusion, according to the procedure. Left ventricular volumes were calculated by the area-length method [2, 6] . Correction for heart motion during ejection and identification of nine segments for the study of segmental wall motion were performed according to the method of Leighton [7] . Ejection fraction (%), calculated as end-diastolic volume minus end-systolic volume and divided by end-diastolic volume, was used as a measure of global left ventricular wall motion. As a parameter of segmental wall motion in the LAD area, we calculated the mean percentage shortening of three hemiaxes, which were chosen in such a way that wall motion in the segment of the left ventricular wall spanned by these hemiaxes invariably became abnormal during LAD occlusion.
Histology
The best technique to obtain optimal fixation of the myocardial tissue for electron microscope examination is perfusion fixation of the whole heart. Such a perfusion fixation can be combined with staining techniques for macroscopical delineation of perfusion areas, cell viability and determination of infarct size [3] . In this method, the coronary ostia of the excised heart and the coronary artery at the site of the previous occlusion are cannulated. Both coronary ostia are perfused with a mixture of Ringer solution and Evans blue and, simultaneously, the myocardial tissue which is perfused by the separately cannulated and previously occluded vessel, is perfused with triphenyltetrazolium chloride (TTC), at the same perfusion pressure (50 mm Hg) and at 37 °C. With this technique, the normal myocardium stains dark blue and the "area at risk" or "perfusion area of the LAD" stains brick-red where the tissue is viable and pink-yellow where it is necrotic. The perfusion with these stains is maintained for 10 min and is then switched to a mixture of Evans blue and 2.5 % glutaraldehyde for the normal area and to 2.5 % glutaraldehyde for the area at risk. When perfusion fixation is used in association with TTC staining as described here, the tissue is inevitably subjected to 10 min of normothermic anoxic perfusion before fixation. This is a slight drawback, because the first subtle structural abnormalities related to ischaemia and anoxia become apparent, namely, the small osmiophilic granules in the mitochondrial matrix disappear, although the remaining ultrastructure remains unaltered. On the other hand, the advantage of the combination of staining and fixation is that ultrastructural examination can be combined with quantitative assessment of the amount of myocardial necrosis.
After removing the right ventricle, the atria and the valvular structures, the isolated left ventricle was cut in 1-cm thick slices perpendicularly to the long axis. Using calibrated colour pictures of these slices, the left ventricular ring, the perfusion area of the LAD and the infarcted area were reproduced with black ink on a transparent plastic sheet. Total left ventricular area, LAD perfusion area and infarcted area were calculated from data obtained by planimetry performed on the black ink reproductions of the original colour pictures using a Quantimet 900 image analyser. The size of the LAD perfusion bed and the size of the infarcted area were expressed as a percentage of the total left ventricular area.
After colour pictures had been taken for determination of infarct size, small samples of myocardial tissue were removed from the control area, the viable LAD area and the infarcted area. These samples were immersed in a fixative containing 3% glutaraldehyde and potassium oxalate 90 mmol litre" 1 adjusted to pH 7.4 with potassium hydroxide 1 mol litre" 1 . Afterwards these samples were thoroughly washed in the same buffer supplemented with 0.22% sucrose. Postifixation was in 1 % osmic acid, buffered to pH 7.4 with veronal acetate 0.05 mol litre" 1 containing sucrose 0.093 mol litre" 1 for 1 h at 4 °C. After a rinse in the buffer, the samples were dehydrated in graded series of ethanol and routinely embedded in epon. Ultrathin sections were examined in a Philips EM 300 electron microscope after staining with uranyl acetate and lead citrate.
RESULTS

Irreversible myocardial damage: histology and quantification
Electron microscopic analysis of myocardial tissue samples in our experiments was made in a semi-quantitative way. The purpose of this ultra- structural study was two-fold: to validate the triphenyltetrazolium staining technique as a reliable method for distinguishing viable from infarcted myocardium; and to assess possible correlations between structural changes induced by ischaemia and postischaemic myocardial function.
Tissue samples from viable and infarcted portions of the LAD area (as indicated by TTC staining), and samples from the control circumflex area, were processed. At least three ultrathin sections were analysed per experiment. These sections were systematically scanned for mitochondrial, nuclear and myonbrillar changes, for the integrity of the cell membrane and for the presence of intra-or extracellular oedema, or both. The results are listed separately for control myocardium, infarcted myocardium and viable myocardium in tables I, II and III, respectively.
The normal appearance of the control circumflex myocardium (table I) testifies to the appropriate processing of the tissue samples. A typical picture is shown in figure 1 . In eight of 10 dogs from which control myocardium was analysed, the ultrastructure was completely normal. In the remaining two animals, only minimal signs of tissue injury could be detected.
Ischaemic myocardial tissue is, by definition, irreversibly damaged when cellular integrity is not restored upon reperfusion but followed by necrosis and disintegration. The early diagnosis of irreversibility can only be made by electron microscopic examination because at that stage light microscopy does not shown specific lesions.
Definite characteristics of irreversibility can be found at the subcellular level: the mitochondria contain dark, amorphous dense bodies which are most probably precipitations of lipid material and calcium; the sarcolemma is partially disrupted; the nuclear chromatin is abnormally distributed and shows clumping and margination; some degree of intracellular oedema is present; the contractile system itself is usually intact. Upon reperfusion, these typical lesions become even more pronounced. Because of most severe disturbances in membrane function, and even disruption, cell volume regulation is dramatically disturbed and explosive cell swelling occurs upon reperfusion. This is associated with a pathological calcium overload which is responsible for an irreversible accumulation of calcium in the mitochrondria. The number of amorphous dense bodies in the mitochondria increases further. Mod. cell. Because of the intracellular oedema, capillary vessels are occluded by extravascular compression and packing of red blood cells occurs. The capillaries are also damaged by the ischaemic insult and become permeable to the red blood cells, causing extravasation of these elements. All these features are shown in figure 2.
All the above mentioned hallmarks of irreversible injury were invariably found in TTCunstained (infarcted) tissue from 10 dogs (table  II) and were absent in TTC-stained (viable) tissue of 16 dogs (table III) .
Correlation between the extent of myocardial necrosis and left ventricular function
Macroscopic evaluation of infarct size by the TTC-technique revealed that 11.5 ±9.1% (SD) of the left ventricular mass was infarcted after 90 min of occlusion followed by reperfusion. The perfusion area of the occluded LAD was 32.8 ±6.5% of the left ventricular mass. This means that about 32.1 ±22.8 % of the area at risk (i.e. perfusion area of the LAD) became necrotic after 90 min of ischaemia. Functional assessment of these hearts by left ventriculography showed a depressed global ejection fraction during and after ischaemia (table IV) and regional wall motion showed complete akinesia during the first 24 h to 1 week.
Because the amount of necrosis (expressed as a percentage of left ventricular mass) varied considerably between experiments, an attempt was made to correlate the percentage necrosis and the reduction in total ejection fraction during ischaemia or after reperfusion. No significant correlation could be found. Using the postmortem Evans blue-TTC staining technique, a clear delineation of the perfusion area of the previously occluded coronary artery can be made. The viable tissue in this area is also clearly recognizable by its brick-red colour. Before discussing the histological findings in this zone, it has to be shown that this area belongs to the postischaemic zone or "area at risk" during coronary artery occlusion. This can be shown by the regional blood flow data. After the brick-red area is carefully dissected from the tissue slices, radioactivity can be measured, that is, local flow during ischaemia can be determined. Table V shows clearly that this area was underperfused during ischaemia, although less so than the infarcted, irreversibly damaged part of the perfusion area of the occluded vessel. Most of the viable (brick-red) tissue was localized subepicardially. Upon reperfusion, almost normal flow was restored in this area, while in the infarcted subendocardium a "no reflow" phenomenon was observed.
Electron microscope examination of this postischaemic "viable" myocardial zone revealed no signs of severe (irreversible) damage (table III) . There was no rupture of the sarcolemma and no margination of the nuclear chromatin; there were no amorphous dense bodies detected in the mitochondria; there was no oedema and the contractile apparatus was intact; the capillary vessels were not obstructed and had a normal appearance.
Apart from this, some mitochondrial and nuclear changes were observed in viable myocardium which are not among the changes classically described in the existing literature. In viable tissue samples a confluence or clinging together of mitochondrial cristae was present, accompanied by an increased osmiophilia of these structures. An example is shown in figure 3 . The severity of this anomaly in a single mitochondrion was variable, as was the percentage of mitochondria involved. The phenomenon was present in seven of 16 animals subjected to coronary occlusion followed by reperfusion (table III) . In control myocardium from the circumflex area, a minimal degree of this confluence of mitochondrial cristae was seen in only two of 10 animals (table I) . Also, in viable tissue the myocyte nucleus invariably showed some degree of chromatin clumping instead of the normal uniform chromatin distribution. An example is shown in figure 3 . Here nuclear changes were present in only one of the 10 dogs in which control circumflex myocardium was analysed. The significance of these nuclear and mitochodrial changes in viable myocardium remains to be determined. Data on viable reperfused myocardium stem from investigations in which the duration of ischaemia was limited to a time interval known to produce only reversible injury [4, 5] . The evolution of ultrastructural changes in viable myocardium that has been subjected to prolonged episodes of ischaemia followed by periods of reperfusion is largely unknown.
Relationship between myocardial function and histology in postischaemic viable myocardium
Local segmental wall motion was calculated from left ventricular angiograms taken at the end of 90 min of LAD occlusion and at 150 min, 24 h and 1 week of reperfusion (table IV) . During occlusion and up to 24 h after reperfusion, total akinesia of the anterior wall was found in spite of the fact that 68% of the perfusion bed of the occluded artery remained viable. After 1 week of reperfusion, partial recovery of segmental wall motion was obtained. As mentioned in the previous section, only very minor structural anomalies were found in this viable, non-contractile myocardial zone. This zone regained its function spontaneously after 1 week of reperfusion. At this time histology remained unchanged compared with the early reperfusion phase.
DISCUSSION
By detailed assessment of subcellular myocardial structure during progression of ischaemia, a clear sequence of morphological changes can be described. After a few minutes of ischaemia, the first subtle morphological alterations are found in the mitochondria: the small osmiophilic granules embedded in the mitochondrial matrix disappear. When ischaemia proceeds, more pronounced alterations occur in the mitochondria: clearing of the mitochondrial matrix, swollen and disrupted cristae, and rupture of inner and outer mitochondrial membrane. These lesions can be used to create a scoring system for the semi-quantitative grading of ischaemic injury. However, when ischaemia passes the "point of no return" in terms of cell viability, a clear morphological picture is found: disruption of the sarcolemma, inclusion of typical amorphous dense bodies in the mitochondria, intracellular oedema, and chromatin clumping and margination in the nucleus. It is remarkable that, under all these conditions, the contractile system (sarcomeres and myofibrils) remains structurally intact as far as can be detected with the electron microscope. Only at a late stage after the onset of irreversible damage, does the contractile system disintegrate. It is obvious that irreversibly damaged myocytes are, and remain, non-functional. There is, however, no direct relation between the amount of myocardial cell necrosis and the degree of global myocardial dysfunction. This can be explained by the compensatory increase in function of the contralateral, normal myocardium. This is the first hint that, although close correlates can be found between the histology and the degree of ischaemic insult, no correlation will be found between postischaemic function and quantitative and qualitative assessment of histological alterations. Indeed, viable postischaemic tissue will be non-contractile for hours to days while ultrastructure reveals only very minor abnormalities. This phenomenon is called "myocardial stunning" [1] . Although structure and function are not related in the postischaemic state, assessment of fine structure has a definite prognostic value in terms of recovery of function after a certain degree of myocardial ischaemia. Non-contractile postischaemic myocardium will regain its function spontaneously after a variable time delay, provided histological criteria of viability of the tissue remain. However, it may be concluded that myocardial histology is not a reliable index of postischaemic myocardial function.
SUMMARY
The relation between the histology of the myocardium and left ventricular function was studied in 23 dogs submitted to 90 min of coronary artery occlusion followed by reperfusion for up to 1 week. It was shown that 32 % of the perfusion area of the occluded coronary artery was irreversibly damaged. There was, however, no significant correlation between the decrease in left ventricular function (ejection fraction assessed by angiography) and the extent of myocardial necrosis.
Upon reperfusion, salvage of 68% of the perfusion area of the occluded vessel was obtained. Viability of the myocardium in this area was demonstrated by electron microscopy. However, postischaemic regional function was completely lost in the first 24 h, in spite of this considerable amount of viable tissue. Nevertheless, regional function recovered after 1 week of reperfusion, which suggests a stunned myocardium in the early postischaemic phase.
These results show that histological examination of postischaemic tissue has prognostic value in terms of recovery of function, but a direct correlation between structure and function does not exist in the early reperfusion phase.
